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Report Abstract

Fuels sprayed inside IC-engines can impact the internal surfaces and thus obviates the purpose of
atomization. Furthermore, the subsequent film gasification also constitutes a completely different
mode of fuel gasification that could fundamentally affect the fuel/air mixing and combustion
processes. The accumulation and growth of the film depends on the outcome of subsequent drop
impact on the initially formed film, and as such controlling the outcome of the impact is critical
for engine operation. In our recent study (Tang, et al., Soft Matter 2016), we presented a regime
diagram based on the Weber number We (ratio of impact inertia and surface tension) and the film
thickness, delineating the bouncing and merging operating conditions and providing scaling for
the transition boundaries of a single liquid (C14 alkane). In this 9 month program, we have
investigated the problem of drop impact on liquid film more closely and extracted fundamental
understanding of the process which dictates the transition between merging and bouncing.
Realizing that the liquid viscosity is a critical fluid property that fundamentally affects the impact
outcome, through its influence on the fluid motion and viscous dissipation of the impact inertia,
here we extend our previous study for liquids from C10 to C17 alkanes and additional silicon
oils, covering a wide range of viscosity, to assess its effect on the regime diagram. We found that
while the regime diagram maintains its general structure, the bouncing regime becomes smaller
for less viscous liquids. Consequently viscous effects are modeled and a modified scaling is
formulated.

Furthermore, we realized that the transition between merging and bouncing outcomes for drop
impacting on a liquid film is critically controlled by the resistance from the microscopic
interfacial gas layer trapped between the interacting and deformable drop and film surfaces.
Using high-speed imaging and color interferometry, we have quantified and analyzed the gas
layer dynamics during bouncing when the film thickness is comparable to the drop radius.
Results show that the gas layer morphology changes dramatically and non-monotonically with
the film thickness, and that in addition to the centrally located dimple previously observed for
impact on thin films, a new, rim-dimple morphology is observed for larger film thicknesses. The
effects of capillarity of the drop and film are also delineated by increasing the liquid viscosity
and hence damping the respective surface waves. Two journal-quality papers are currently under
review/preparation.



Research Summary

PART I: Bouncing to Merging Transition in Drop Impact on Liquid Film: Role of Viscosity

The efficiency of spraying in internal combustion engines (ICEs) is frequently complicated
by droplet impaction on the cylinder walls in that the potential wall wetting not only obviates the
purported advantage of atomization, but the subsequent film gasification also represents a
completely different mode of fuel gasification that would fundamentally affect the fuel/air
mixing and subsequent pollutant production [1]. Consequently, the fate the drops that
subsequently impact the wetted surface is the key for growth or depletion of the deposited film.
Specifically, bouncing of the impacted drops from the film would be beneficial in reducing
localized fuel accumulation and soot formation. Thus, it is important to understand the
mechanism that controls the transition between bouncing and merging outcomes upon a drop
impact on a liquid film of various thicknesses. In our previous works [2, 3], we have explored the
regime diagram of impacting outcomes, bouncing vs. merging, for nCl4-alkane and have
proposed scaling laws for transitional boundaries based on two non-dimensional parameters, the
Weber number, defined as We=2pV2R/a and the nondimensional film thickness, H =H/R, where
p, 6, V, R and H are density, surface tension of liquid, impact velocity and radius of the drop,
film thickness respectively. However, so far we have not considered the effect of viscosity
which naturally plays a key role in the impact dynamics through dissipation. Previous studies on
drop impact have shown that increase in viscosity would suppress splashing [4], levitate the
spreading lamella [5], delay the merging time and increase the merging radius [6]. Recognizing
the variation of viscosity of ICE fuels (gasoline or diesel) based on their sources, we herein
explore the effect of viscosity on the transitional boundaries of the regime diagram and provide
more comprehensive guidance in manipulating the impact outcomes.

In our experiment, the drop was generated by pushing liquid through a needle (using a
syringe pump) and subsequently the drop first appeared and then detached from the tip of the
needle when its weight overcame the capillary force. The falling drop landed on the liquid pool
contained in a cubic glass-walled chamber with a 1.2mm thick microscope glass slide at the
bottom. The drop generated was about 1.6mm in diameter. The impact velocity of the drop was
controlled by changing the height of the needle from the impacted surface. Three liquids with
varying viscosities were used. The full list of properties is given in Table 1. A monochromatic
high-speed camera (Phantom V7.3) along with a 50mm lens (Nikon), a 2X tele-convertor and an
extension bellow were placed to capture the side-view shadowgraph of the falling drop using a
high intensity halogen light for backlighting, operated at 15,037 frames per second (fps), with
spatial resolutions of 17um per pixel. The drop diameter, impact speed and liquid film thickness
were measured by analyzing the side-view images from individual experiments.



Table 1: Properties for the liquids tested.

Liquid Density (kg/m") Surface tension | Kinematic viscosity

(mN/m) (cSt)

Octane (C8) 708 21.1 0.69
Decane (C10) 730 23.8 2.37
Tetradecane (C14) 763 26.6 3.6
Heptadecane (C17) 777 27.5 4.76

Silicone Oil (S05) 913 20 5

Silicone Oil (S100) 966 20 100
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Figure 1: Typical impact events from the side-view. (a) Bouncing on a deep pool. (b) Early merging
at similar film thickness but higher We. (c) Bouncing on a shallow pool. (d) Late merging at similar We
but higher film thickness.

When a drop impacts on a liquid film with comparable thickness, it can either bounce from
or merge with the liquid surface. Typical time-resolved impact events for both merging and
bouncing cases at a variety of film thicknesses are shown in Fig. 1. Fig. 1a shows bouncing at
large film thickness, the drop does not reach the bottom solid wall where throughout the impact
process. At similar film thicknesses, higher We (or impact inertia) leads to merging as the drop
penetrates into the liquid film (Fig. 1b). For smaller film thicknesses, although the drop still
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bounces, it actually reaches the solid wall and spreads over it before leaving the surface (Fig. 1c).
For similar We, but at intermediate film thickness, when the drop retracts after spreading on the
solid wall, it merges with the liquid surface, leading to “late” merging (Fig. 1d). The regime
diagram for C14 of the aforementioned impact outcomes in the We-H space is shown in Fig. 2a,
where early merging (black solid circle) occurs at high We (>15) across all film thicknesses and
late merging (black open circle) occurs at intermediate We for intermediate film thicknesses, and
the rest is bouncing (grey square). In [3] we have identified the controlling physics of the
transition boundaries for these impact outcomes, namely /nertial Limit which separates the early
merging from bouncing, Deep Pool Limit and Deformation Transition which define the upper
and lower boundaries of the late merging respectively, and Thin Film Limit which defines the
thin film merging zone. Previously, viscosity effect was neglected in the scaling of these
boundaries, but would affect the scaling through dissipation loss, which is the focus of this study.
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Figure 2: Regime diagrams of bouncing-merging impact outcomes for liquids with varying viscosity.
(a) C14 alkane. The data points are the impact outcomes. The lines are transition boundaries: IL: Inertial
Limit, DPL: Deep Pool Limit, DT: Deformation Transition. TFL: Thin Film Limit. (b) Regime diagram
all liquids tested except S100. (c) Regime diagram for S100.
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We have tested liquids with a large range of kinematic viscosity ranging from 0.69 to 100
cSt. Figure 2 shows the response of the regime diagram to the changing viscosities. Globally, the
merging zone shrinks with increasing viscosity: the critical We for the Inertial Limit increases
and the Thin Film Limit moves to the right, reducing the area of early merging; while the Deep
Pool Limit shifts downward and the Deformation Transition moves upward, diminishing the late
merging zone. Phenomenologically, this is expected since the major role of viscosity is
dissipating energy which reduces the effective kinetic energy that brings the drop and impacted
liquid film surface close enough to induce merging. Thus, with increasing viscosity, the effective
kinetic energy becomes weaker rendering merging to be difficult. The detailed mechanisms are
discussed in the following sections.

Inertial Limit

The Inertial Limit constitutes the transition between bouncing and “early” merging, which
occurs when the impact inertia during the penetration process breaks the interfacial gas layer to
induce merging. Mechanistically, when the drop impacts the liquid film with enough inertia, it
can overcome the resistance due to the pressure build-up in the interfacial gas layer, and locally
succeeds in bringing the interfaces close enough for the van der Waals force to effect merging.
The critical gas layer thickness d., for merging to occur is around 200nm [7-10]. Bouwhuis et al.
[11] proposed a scaling analysis predicting the dependence of the maximum dimple height, a
characteristic thickness of the gas layer, on the impact velocity for drop impact on dry surfaces,
which was later adopted successfully for drop impacting liquid pool by Tran et al. [6]. According
to this scaling, the maximum dimple height of the air layer depends on the Stokes number, which
corresponds to the relation, d~Up‘2/3 R p23 yg'm , where d is the dimple height, U, the
penetration velocity which is the speed at which the drop moves into the liquid film, and g, the
dynamic viscosity of the surrounding gas. The critical penetration velocity that reduces the gas
layer thickness to the critical value d,, is thus:

R1/2
U~ H 4 " (1)

p.cr cr

o,

It is noted that the process of merging through the collapsing gas layer is restricted to a
localized zone around the interface and thus does not depend on the global parameters such as
the liquid film thickness. However, the film thickness can alter U,, which is significantly
different from U. As the drop impacts the liquid film, it simultaneously deforms and pushes the
liquid inside the film, converting part of its kinetic energy to the surface and kinetic energies of
the deformed film. The merging in this regime generally occurs very early in the penetration
process, inhibiting significant deformation of the drop and the liquid film. Thus for simplicity we
can ignore the changes in the drop and liquid film surface energy. Moreover, Tran et al. [6]
showed that the penetration processes for liquids with various viscosities indeed are very similar,
demonstrating the weak role of viscous dissipation in these processes. To analyze the energy
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conversion, for impact on liquid film with large thickness (H* >1), one can assume the
movement of the drop into the film generates a radial potential flow around the drop, as
illustrated in Fig. 3a where the flow velocity V' in the film scales as VzUpR3/r3, at distance r
radially from the drop center. To evaluate the induced kinetic energy in the film, (Kg)r , we
integrate the kinetic energy of the infinitely small shell with thickness dr at radius r, within the
liquid film,

(K;), = [220r°V2dr = [ 27p0* (U, R 1) dr = 22pU R’ 2)
R R

Balancing the drop kinetic energy before the impact, (Kz)p,0=270R’U?/3, with the total kinetic
energy of the drop, (Kz)p=27pR’ Up2/3, and the film, (Kg)=27pR’ Upz, during the penetration
process yields

U,/U=1/2 3)

Both in our experiment and literature [Tran et al., 2013], U, is found to be about half of U. It
is important to note that this relationship does not depend on H'. Combining equations (1) and
(3), we arrive at a critical impact velocity and the corresponding critical We which is the measure
of minimum impact inertia required for merging, defining the inertial limit as,

2 R1/2
U, = ﬂgTd o (4a)
4 2R2
We ~—te g (4b)
cr pza

It is seen that We,, does not depend on the liquid film thickness and thus appears as a vertical
line in the regime diagram (shown in Fig 1a). The transition from bouncing to merging across
this limit is solely controlled by the impact inertia.

Now, if we consider the liquids with various viscosities, we find that the measured We,,
depends on kinematic viscosity with a power law of 0.3 (Fig 3b). To theoretically model the
viscous loss, we consider the viscous loss in the Boundary layer around the droplet surface. The

boundary layer thickness can be approximated as & ~/1/Re, , where Re, =,/v/(U,R) using

analogy to flat plate. Further analysis shows the energy loss through drag friction drag in the
boundary layer is force is E, ~ (pU.R’)\/1/Re, . So rewriting the energy balance with viscous

dissipation, KEp 9= KEr + KEp + E¢ which translates to E ~4+C !

dimensionless factor. The scaling captured the qualitative dependence on viscosity reasonably
0.5

~v'"?, where C is a

vs experiments, v’?). We attribute the
deviation on the curvature of the drop surface, while we assume flat geometry.
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Figure 3: Inertial Limit: (a) schematic of the flow field induced by the drop inside
the liquid film. (b) We,, of Inertial Limit as a function of v.

Deformation Transition Limit

As identified in [3], Deformation Transition occurs at the intermediate film thickness where
increase in film thickness causes a “delayed” merging. Mechanistically, in this regime the drop
deforms the film and itself as it reaches the full depth of the film and spreads against the solid
surface. On the rebound process, this “late” merging can occur if the liquid surface moves faster
than the drop as they both retracts. It is inherently controlled by the ratio of the available surface
energy (or surface area) of the liquid film and the drop at the end of the penetration process.
When the ratio exceeds a critical value, the liquid surface attains a retraction speed large enough
to merge with the drop. The ratio is measured in terms of the surface area from the side-view
images and for C14 shown in Fig. 4a as a function of We, which shows no obvious dependence,
indicating that the Deformation Transition is a constant H line. To estimate this energy budget,
the deformed liquid film is modeled as a cylinder with radius w and height A and the deformed
drop as a cylinder with radius w and height Hy, as shown in the schematic in Fig. 4b.

Comparing the surface energy between the drop and the liquid film shows that the critical
film thickness for the bouncing-merging transition depends only on the spread width w. If w <
Wwer, late merging happens. If we plot w*(zw/R) vs H' (Fig 4c) we see a linearly decreasing trend,
since with increase in the film thickness the resistive influence from the bottom solid surface
decreases and thus the drop does not spread as much. Interestingly, if we plot w vs H for
different viscosities, they follow the same linear relationship, signifying weak viscous effect on
the spreading process (at least around this film thickness range). However, after spreading when
the film retracts, the upward momentum gained will be reduced by viscous loss, and as such for
higher viscosity it would require higher momentum and thus higher deformed surface energy for
merging. Recognizing that higher deformed film surface is marked by weaker drop deformation
or lower w', we expect the merging transition to occur at higher H', which we also find
experimentally (Fig. 4d).



Now to model the viscous dissipation that affects this transition, we only consider the
dissipation in the film associated with the rebounding stage. Since both the liquid film and drop
retracts from the maximum spreading diameter, the kinetic energy comes from the surface
energy minus the dissipation. The energy balance thus suggests that the ratio between ASE; - Eo
and ASE, is larger than a critical value, late merging happens. Based on the schematic of the
shapes at maximum deformation as shown in Fig. 4b, ASE; = o(22wH) and ASE; =
o2 7w +2 7w Hy)—o(4 7R%). Since the rebounding process of the deformed resembles capillary
wave, we evaluate the viscous loss in capillary processes to estimate the dissipation. Following

-2nAt

in classical text books [12], we arrive at E, = E,(1-e""), where E, is initial energy, Atis

elapsed time and 7 =2v/ R*. For the rebounding process using £y = ASEyand At ~(pR’ /)"

2vpR/o

one can show that H, ~(w*)e , which suggests an exponential dependence of H',, with

v as seen in the experiments (Fig. 4d).
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Figure 4: Viscosity effect on the Deformation Transition. (a) Ratio of the available surface energy of
the liquid film and the drop as a function of We. (b) Schematic of the model for the drop and liquid film
deformation at maximum spread diameter. (c) Plot of w" as a function of H for all liquids tested. (d)
Deformation Transition H ., for different viscosities.
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Deep Pool Limit

The Deep Pool Limit is defined as H = hp*max, where hp*rmlX is the maximum penetration
depth of the drop into the liquid pool (Fig 1a). Physically, if the drop cannot reach the bottom
solid surface during penetration, the late merging mechanism is not realizable and the drop will
bounce. Theoretically, hp*rmlX is determined by assuming the drop does not change shape when it
reaches the maximum penetration and the initial kinetic energy is converted to the increase of the
liquid pool surface energy as well as dissipated. By carrying out the energy balance, the hp*maX is
found to be linearly dependent on We, which is proven by the experimental results (Fig. 5a) for
all liquids used. The slope (m) of the linear dependence is extracted and plotted as a function of v
in Fig. 5b, which shows a decreasing trend with increasing viscosity. Phenomenologically, larger
viscosity results in larger viscous dissipation and thus the effective kinetic energy to penetrate
downward becomes less, reducing the penetration depth.

To model the problem, we consider the energy balance from the instant of the drop impact
till it reaches the maximum penetration KEp o = KEr + ASEg + Eg, where KED,O=27T,0R3 U%/3 is
the initial drop kinetic energy, KE/=27pR U,’=mpR*U*/2, ASEr ~o{2 R {(hp)max—R}+27R"] is
the increase in the liquid film surface energy, and Eg is the energy loss in viscosity. If we follow
the boundary layer assumption used for inertial limits, we arrive at £, ~ (pU jR3)1/1 /Re, . By

balancing the terms in energy equation we get H = (C, —L)We. So we obtain a linear

JRe,
dependence of the penetration depth with We and we also see that the slope changes with

viscosity as m = C, — sz/; , which fits the experimentally obtained data well.
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Figure 5: Viscosity effect on the Deep Pool Limit. (a) hp*max as a function of We for all liquids tested.
(b) dhp*max/d We as a function of v for all liquids tested.
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Through the influences on the Deep Pool Limit and the Deformation Transition, it is clear
that viscosity has a diminishing effect on the “late” merging zone, and as such at a certain
viscosity the two limits will merge to engulf the “late” merging zone, as is shown in Fig. 2¢ for
liquid of 100 cSt.

In summary, we have investigated the bouncing to merging transition for drop impact on
liquid film at various viscosities, and found that through dissipation, higher viscosity renders
merging more difficult and as such shrinks the merging regime. The detailed viscous effect on
each transition boundary is analyzed and explained. This provides a more comprehensive
guidance for predicting the bouncing-merging transition when a drop impact on a liquid film.
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PART II: Bouncing Drop on Liquid Film: Dynamics of Interfacial Gas Lavyer

Drop impact on wet or dry surfaces may result in either merging [1-6] or bouncing [7-11] of
the impacting interfaces. The controlling factor is whether the thin gas layer trapped between the
impacting surfaces can resist the impact inertia to bring them to close proximity for the van der
Waals force to effect merging. However, due to the microscopic nature of this gas layer, it is
difficult to experimentally observe the morphology and dynamics of the interfaces. Recently
optical techniques such as interferometry [4, 10—16] and internal reflection microscopy [3, 9]
have been developed to indirectly interpret the gas layer thickness for drop impact on solid
surfaces. Such studies have mostly been concerned with the merging outcomes [3, 4, 12, 15,
17], while corresponding studies on the morphology of the gas layer for the bouncing
outcomes have been few. Only recently, de Ruiter ez. al. [11] showed that, for a bouncing drop
on a solid surface, a bell-shaped dimple develops at the center and maintains its shape
throughout the impact until the drop departs from the solid surface. However, the superficially
analogous problem of drop bouncing from a liquid film and the associated interfacial gas layer
dynamics has not been investigated. Phenomenologically, while drop impact on a solid surface
involves only one deformable surface and the internal dynamics of the drop, two deformable
surfaces are involved for impact on a liquid film, with the additional film surface participating
not only in the much richer dynamics of the gas layer, but also through the internal dynamics of
the film itself.

A critical system parameter controlling the impact response is the film thickness which offers
the resistance from the submerged solid surface. Previous studies have been mostly concerned
in the limiting situations of either a solid surface [1-4, 7-16, 18], hence vanishing film
thickness such that the drop motion is totally restricted by the rigid surface, or a deep liquid
pool [5, 19-24] representing infinite film thickness such that the drop motion is controlled by
the deformable pool surface. Less study, however, has been directed to the intermediate
situation [25, 26] for which the film thickness is comparable to the drop radius, such that the
resistance of the solid wall is closely felt, while the morphologies of the drop and film are also
strongly coupled through the interfacial gas layer. Such situations are of particular
technological relevance, including spray coating and 3D printing, in which drops impact on a
liquid layer generated by previously deposited drops.

In this project, we have studied, for the first time, a complete temporal characterization of
the gas layer dynamics for drop bouncing on liquid surface with thickness comparable to the
drop radius, using high-speed imaging and color interferometry. We have succeeded in
identifying the role of the nondimensional film thickness (H* = H/R) and Weber number (We)
in controlling the gas layer morphology, where We = 2pRU?%/o, p, R, U, o are the density,
radius, velocity, and surface tension of the drop, and H is the film thickness. In particular, we
shall show that the presence of the deformable impacted surface drastically modifies the shape
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and evolution of the thin gas layer, as observed previously for the impact on solid surfaces.

Experimentally, a drop of about 1.6 mm diameter was generated by pushing the test liquid
through a vertically-oriented stainless-steel needle using a syringe pump, with the drop
separating from the needle tip when its weight overcame the capillary force. The drop landed
on a liquid film contained in a 25 x 25 x 10 mm3 chamber with a 1.2 mm thick microscope
glass slide at the bottom. The impact speed was changed by manipulating the distance between
the needle and the impacted surface. Tetradecane (p: 760 kg-m 3, o: 27 mN-m™!, kinematic
viscosity, v: 3.6 ¢Sf) was used as the working fluid for both the drop and liquid film.

A high-speed camera (Phantom V7.3) along with a 50 mm lens (Nikon) and a 2X tele-
convertor was used to capture the side-view shadowgraph images of the impact, with the aid
of a halogen light. In addition, a high-speed color camera (Phantom V710) with a microscope
system (Navitar 6000) connected to a 5X objective (Mitutoyo) and a coaxially ported broadband
white light (Olympus ILP2) was used to capture the bottom-view interference pattern created
by the gas layer between the drop and film surfaces. The gas layer thicknesses were extracted
by comparing it with a known reference profile of a lens. Details of this high-speed color
interferometry are given in Reference [12]. All the images were recorded at 15,037 fps, with
spatial resolutions of 17 um/pixel for the side-view images and 0.75 um/pixel the bottom-view
images. The instantaneous drop diameter, impact speed, and liquid film thickness were
measured from the side-view images.

Based on the film thickness, the bouncing response can be divided into three regimes: namely
thin film (H* < 1), thick film (1 < H* < 1.5) and deep pool (H* > hp.). [26] The thin film
regime bears close resemblance to impact on solid surface since the effect of the rigid surface is
prominent despite the presence of a thin layer of liquid. H* = h;,.. [26] constitutes the deep
pool limit, where hp..=1+We/12is the normalized maximum penetration of the drop into the
liquid pool. Thus for the deep pool, the drop is far from the bottom surface during impact, and
as such the gas layer dynamics is only affected by the drop and the liquid surface. In between
these two extremes in the thick film regime, the process is influenced by both the resistive solid
surface and the adaptive liquid film. While there is no clear discernable boundary between the
thin and thick film regimes, it is reasonable to identify that the transition occurs when the film
thickness is close to the drop radius, i.e. H*=1.
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FIG. 1: Global impact dynamics from side-view (top row), local dynamics of interfacial gas layer from
bottom-view interference fringes (middle row) and corresponding thickness profiles (bottom row). R =
drop radius. r* = r/R. Time is normalized by the inertial time scale t* = t/(2R/U). We=12.96,
H*=2.67.

A typical bouncing event is shown in Fig. 1, where the top row consists of the side-view
images (global behavior), while the middle and bottom rows show the interference patterns and
the corresponding gas layer thickness profiles. Figure 2a shows the schematic of the gas layer
globally and locally, with /. being the center thickness of the axisymmetric gas layer, and A(r)
the radial variation. The gas layer dynamics will now be discussed in terms of the evolution of
he and A(r).
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FIG. 2: (a) Schematic of the gas layer and definitions of center thickness hc and radial variation h(r).
(b) Gas layer center thickness evolution for three different film thicknesses with similar We numbers.
Blue circle: We=9.91, H*=0.12. Black square: We=8.04, H*=1.19. Red triangle: We=9.26, H*=2.72.

We first consider the evolution of /4, with time normalized by the inertial timescale, 2R/U, in
Fig. 2b. Here ¢* = 0 represents the instant when the bottom of the drop reaches the location of
the unperturbed liquid surface. There are two distinct stages: the approaching stage, when the
gap at the center continuously diminishes to reach a minimum point; and the rebounding stage,
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when the gap increases. During the approaching stage, for all H*, A decreases linearly with
time with almost the same slope and a slightly smaller slope for the deep pool. During the
rebounding stage, however, the response is dramatically different in that while the rate of
increase of 4 is rather steady for the thin film, for the deep pool it first increases rapidly and
then slows down substantially. For the intermediate case of the thick film, /. responds non-
monotonically by first sharply jumps to a value of 2.5 um, then immediately drops to 1 um, and
then increases again within a very short t* (increment of about 0.5).
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FIG. 3: Gas layer thickness profiles at approaching (a, ¢, e) and rebounding (b, d, f) stages. (a) (b) Thin
film, We=9.91, H*=0.12. (c) (d) Thick film, We=8.04, H*=1.19. (e) (f) Deep pool, We=9.26, H*=2.72.

Next we discuss the instantaneous radial variation of the gas layer thickness and its evolution
for all the three conditions (Fig. 3); the left and right columns respectively indicate the
approaching and rebounding stages. For the thin film, as the drop approaches the liquid
surface, it squeezes the interfacial gas layer and hence creates a high-pressure zone, which in
turn deforms both the drop and film surfaces and forms a bell-shaped gap with the center
elevated relative to the rim (Fig. 3a). This is analogous to the well-known dimple formed at the
center when a drop impacts a solid surface, except now the interfacial gap for the thin film is
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formed from the deformation of both the drop and film surfaces. The trapped gas layer is
subsequently squeezed out as the drop moves down further. This is evident from the flattened
and even reversed profile with elevated rim relative to the center and a minimum thickness
reaching below 1 um before the rebounding stage begins; recognizing that a typical gas layer
thickness just before merging is about 200 nm [19, 20, 27]. For the deep pool (Fig. 3e),
although the shape of the center dimple is maintained, the gas layer thickness profiles are
flatter and shorter. Due to the large pool thickness and the diminished constraint from the solid
surface, the deformable liquid surface is more adaptive to the drop impact, thereby reduces the
radial variation in the gas layer thickness and hence the pressure gradient. The unrestrained
deformation in the liquid surface also results in a steeper interface (side-view image in inset of
Fig. 3e), deflecting the incident light from the bottom away from the camera, which
progressively reduces the extent of the measured profile as the drop penetrates the liquid pool.
For the thick film, the gas layer thickness profiles (Fig. 3c) show a mixed influence of the deep
pool and thin film regimes, in that the profile is flatter due to the adaptive liquid surface and its
radial extent increases with time due to spreading against the bottom surface.

During the rebounding stage for the thin film, when the drop as a whole rises upward (Fig.
3b), the center of the gas layer gradually thickens, forming another, albeit much narrower, bell-
shaped profile. At the same time, the rim also thickens forming an annular dimple, and is
connected to the center dimple with a thin neck (0.5 um). Both dimples become thicker as the
drop moves upward during the rest of the rebounding stage, with the neck moving inward and
becoming thicker. Note that the radial extent of the visible interference pattern and thus,
measured gas layer thickness, reaches beyond »* = 0.5. Mechanistically, deformation of the
liquid surface is now largely constrained by the solid surface such that spreading of the drop
over the surface closely resembles drop impact on the dry surface. For the deep pool (Fig. 3f),
the center thickens first but with a flatter profile. The gas layer becomes thicker as the drop
leaves the liquid surface without changing its shape. The observable extension is now larger, up
to r* =0.5, as compared to the approaching stage.

For the thick film, however, evolution of the profiles is markedly different (Fig. 3d). At the
beginning of the rebounding stage, the center of the gas layer thickens, with the familiar bell-
shape dimple. It then changes immediately within 0.28 ms (A¢t* = 0.7), as the profile becomes
flatter and thinner at the center with a thicker rim forming a reverse bell-shape, with the rim
being thicker than the center. Finally, with the rim remaining the same, the center starts to
become thicker and approaches the thickness of the rim until the drop leaves the liquid surface.
The unaltered rim thickness during the latter part of the rebounding stage indicates that shape
oscillation of the drop and relaxation of the stretched/deformed film surface are phase matched,
and as such they move together near the rim. Such complex behavior of the gas layer dynamics
arises from the interplay of the deformation and relaxation of the drop and film surfaces along
with the resistance from the solid wall, which is specific for the thick film.
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FIG. 4: Gas layer dynamics for deep pool with higher We. We=12.96, H*=2.67. (a) Comparison of
center thickness evolution for lower (9.26) and higher (12.96) We. Gas layer thickness profiles at (b)
approaching and (c) rebounding stages.

To evaluate the effect of We, evolution of the center thickness, 4, (Fig. 4a) and the radial
variation, A(r), (Figs. 3e-f vs 4b-c) of the gas layer for the deep pool are compared for two
different values of We. For the evolution of /¢, the slope of the linear approaching stage and
the general behavior of the monotonic rebounding stages are the same for both We. However,
for higher We, there is a delay between the end of the approaching stage and increase of the
center thickness. The gas layer thickness profiles during the approaching stage are also similar
with the predominant flat profile and reduced radial extension. During the rebounding stage at
higher We (Fig. 4c), unlike previous conditions, the rim becomes thicker first and develops an
“annular dimple” , which grows and starts propagating towards the center because of the
radially inward entrainment of gas from outside. Finally, the dimple arrives at the center as the
profile takes a bell-shape and is maintained until the drop leaves the liquid surface. This
specific characteristic, which appears only at higher We, likely arises from a phase mismatch
between relaxation of the deformed film and the oscillating drop. Although the drop relaxation
is solely controlled by its own capillarity, inception of the relaxation process for the liquid
surface can only occur after it reaches maximum deformation. Both the duration and degree of
the deformation depend on We, affecting the phase delay between the drop and the liquid
surface.
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FIG. 5: Gas layer thickness profiles at approaching (left panels) and rebounding (right panels) stages for
higher viscosity liquids. (a) Drop (C17)/Film (C17), We=13.31, H*=2.2. (b) Drop (S100)/Film (S100),
We=13.73, H*=2.37. (c) Drop (S100)/Film (S5), We=12.77, H*=2.81.

Unlike impact on flat solid surface where the gas layer thickness profile directly depicts the
local shape of the drop, for drop impact on liquid film, it is the relative distance between the
deformed surfaces of the drop and the film. To understand which contributes more towards the
observed gas layer dynamics: the drop or the film surface, we performed additional experiments
with liquids of higher viscosity but similar surface tension (n-heptadecane, C17: p=777 kg-m3,
06=27.5 mN-m™!, and v=4.8 ¢St; Silicone Oil, S5: p=910 kg'm 3, 6=20 mN-m~!, and v=>5 ¢St
and Silicone Oil, S100: p=960 kg'm 3, 6=20 mN-m~!, and v=100 cS?). As mentioned earlier, the
complex dynamics of the gas layer evolution reported here arise from the interplay of capillary
waves on drop and liquid surfaces, which would be significantly damped for high viscosity
liquids. Here, we compare the gas layer profiles for impact on the deep pool where the drop and
film deformations are not restricted by the bottom substrate. We first note that the gas layer
profiles in the approaching and rebounding stages are qualitatively similar between C14 (3.6
cSt) (Fig. 3e-f) and C17 (Fig. 5a-b). For significantly high viscosity S100 (Fig. 5c-d), however,
the capillary waves on both drop and liquid surfaces decay quickly and as such the rich
dynamics in the gas layer profile disappear. The profiles maintain the bell-shape with minimal
changes in thickness throughout the approaching and rebounding stages.

To further delineate the effects of drop and liquid surfaces on the gas layer dynamics, we
purposefully weaken the capillary waves either in the drop or in the liquid film by mismatching
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their viscosities. For the first configuration of a low viscosity drop (S5) impacting on a high
viscosity liquid pool (S100), no interference fringe was observed during the rebounding stage.
This signifies rapid rebound of the drop from the liquid surface without further interaction.
Since high viscosity dissipates the kinetic energy and weakens the capillary wave, the liquid
surface recovers much slower than the drop, causing a large gap between them. It shows that in
order for observable fringes to form during the rebounding stage, it is imperative that the drop
and liquid surfaces recover at similar speeds. For the second configuration of high viscosity
drop (S100) impacting on low viscosity pool (S5) (Fig. Se-f), the capillary wave in the drop is
significantly weaker. Consequently, in the rebounding stage we observe formation of the neck
region in the rim propagating to the center, similar to the dynamics observed for C14 and C17.
The similarity among features observed for C14, C17 and S100 (drop)/S5 (pool) and the
minimized variation in the gas layer dynamics for S100 (drop)/S100 (pool) suggest that the
capillarity or surface wave in the liquid film indeed plays a critical role in creating gas layer
morphologies different from the traditional bell-shaped (dimple) profiles.

The important role of liquid surface capillarity on the gas layer dynamics is further
highlighted by comparing the impact on solid surface (Fig. 11 (bl) (b2) from reference [11])
and thin film (Figs. 3a-b). While the gas layer thickness profiles are bell-shaped for both cases
during the approaching stage, the profile becomes comparatively thinner and flatter for impact
on the thin film due to the adaptive liquid surface that moderates pressure buildup.
Furthermore, during the rebounding stage, the radial profile for the thin film develops a dimple
at the rim, whose thickness can be larger than that at the center, which is absent for impact on
the solid surface. The rim dynamics indicates the interaction between the drop and the
deformed liquid surface.

In summary, we have investigated the evolution of the gas layer thickness profile when a
drop bounces upon impacting liquid surfaces of various film thicknesses and Weber numbers,
leading to the observation, quantification and explanation of several phenomenologically new
and significant features. We have demonstrated that the deformable liquid surface absorbs the
impact inertia and morphs itself to moderate the pressure gradient and generate surface waves.
As a result, the bell-shaped profile, which is universal and omnipresent for impact on solid
surfaces, is found to transform into new shapes such as the “annular dimple” at the rim and the
“reversed bell-shape”, signifying interaction between the drop and the film surface.
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